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SUMMARY 

q u a n t i t a t i v e  c o n s i d e r a t i o n s  show t h a t  OH product ions ,  provided 
by obse rva t ions  on cometary heads,  a r e  compatible wi th  t h e  H20 sub l ima t ion  

r a t e s  of water i c e  o r  hydrate  i c e s  p re sen t  w i t h i n  t h e  nuc leus .  

As t h e  presence of H20 Kolecule w i t h i n  t h e  nuc leus  is t h u s  con- 

f i r e e d  by c i r c u m s t a n t i a l  c o n s i d e r a t i o n s ,  thermodynamic evidence leaves 
l i t t l e  a l t e r n a t e  p o s s i b i l i t y  t o  t h e  presence of c l a t h r a t e  CH4 hydra t e  

( i f  t h e r e  is azy CH4) of i o n i c  KH hydra te  ( i f  t h e r e  is any NH ) etc... 3 3 
* 

* * 
Some time ago Delsemme and Swings (1952) po in ted  ou t  t h e  great 

d i f f i c u l t y  encountered i n  t h e  Whipple model of cone ta ry  nuc leus  \1950), 
i n t e r p r e t e d  as a conglomerate of i c e .  It seems t h a t  a t  p r e s e n t  i t  h a s  

become p o s s i b l e  t o  d i s c u s s  t h e  e v e n t u a l  presence of gas  h y d r a t e s  by means 

of more q u a n t i t a t i v e  cons ide ra t ions  than  i n  t h e  pas t .  Before going ahead 

wi th  t h i s  d i scuss ion ,  i t  i s  a p r o p r i a t e  to r e c a l l ,  first of a l l ,  t h e  

n a t u r e  of t h e  d i f f i c u l t y  t o  be reso lved .  

It is w e l l  known t h a t  the sub l ima t ion  ra tes  i n  t h e  vacuum of 
H20, CH4 and MI 
for a given  temperature ,  and t h i s  d i f f e r e n c e  s u b s i s t s  f o r  a very  broad 

t e m p e r a t u r e  r a n ~ e ,  For example, at  about 1 0 0 ° K ,  

C H 4  is of t h e  o rde r  of lo7 times t h a t  of NH3 and of 1014 times t h a t  of 
H,O. It is t r u e ,  however, t h a t  one cannot  observe mother-molecules, 

b u t ,  if t h e y  r e a l l y  e x i s t ,  the  r e s u l t s  of t h e i r  p h o t o d i s s o c i a t i o n  ought 

t o  r e f l e c t  t h e s e  cons ide rab le  d i f f e r e n c e s ,  which is no t  t h e  case. 

i c e s  have e x t r a o r d i n a r i l y  d i f f e r e n t  o r d e r s  of magnitude 3 

t h e  sub l ima t ion  rate of 

L 

* Occurence des  hydra t e s  de gaa dans l e s  noyaux combtaires .  



2 .  

T h i s  d i f f i c u l t y  can be emphasized i n  anotker  manner: t h e  s u b l i -  

mztion r a t e  of  C H 4  a t  9 O o K  is the 6-e a s  t h a t  of NH3 a t  200°K and RS 

t i e  r a t e  o f  evzpora t ion  of H20 at 32OoK. If  t h e  s u r f a c e  tempera ture  of 

ti.,: i iucleus followed apnror imate ly  t h e  w e l l  known r e l a t i o n  i n  r’’ ( s e e  

Note l ) ,  t h e  sub l ima t ion  r z t e  of CH4 a t  19 a.u. f r o a  t h e  Sun would be t h e  

same as t3at  of NH 

Sun. T h i s  t o o  does n o t  s e e n  t o  be r e c o n c i l a b l e  wi th  t h e  d i s t a n c e s  of res-  
p e c t i v e  ,-..pnearai?ces of n o l e c u l a r  bands i n  t b e  s p e c t r a .  

a t  3.8 8.u. and t h a t  of t h e  €120 a t  1.5 a.u. from t h e  
3 

I n  o rde r  t o  fo rego  t h i s  d i f f i c u l t y ,  i t  is s impler  t o  assume t h a t  

t h e  no lecu ln r  f r a , a e r . t s ,  s y e c t r a l l y  observed i n  t h e  head, do n o t  o r i g i n a t e  

from as ev iden t  n o l e c u l c s ,  a s  t F o s e  of which one has tendency t o  t h i n k  i n  

t h e  f i r s t  p l ace ,  -- f o r  exnrn le  CH4, NH-. and H20, bu t  from E: mul t i tude  of 

d i f f e r e n t  chea ic21  s p e c i e ,  n m e l y  those  t h a t  have t h e  p r o n e r t y  of  narrowing 

cons ide rab ly  t h e  o r d e r s  o f  in?--nitude of all t h e  sub l ima t ion  r a t e s .  That  is 

why Zelsenne and StrinSs prouosed i n  1952 t o  cons ide r  n o s t  of v o l a t i l e  no le-  

c u l e s  as b e i n r  a b l e  t o  be confine6 i n  hTrdrates. I f ,  indeed,  t h e r e  were 

water  i c e  i n  p resence  of CH4, NH3, C 0 2 ,  t h e s e  molecules f o r c e f u l l y  ought 

t o  have r e n c t e d  nmonr tLense lves  t o  provide  hydra t e s  ( i o n i c  f o r  HH3; of  t h e  

c l n t k r a t e  tyFe f o r  t h e  o t k e r  molecules) ,and a l l  t h e s e  h y d r a t e s  would have- 

t h e  remarkable  p r o p e r t i e s o f  f e e b l e  water  vapor  t e n s i o n s  and of same o r d e r  

of  ma-nitude. 

2 

; . i i l l e r  (1961) WRS t h e  one who c o n t r i b u t e d  most s i n c e  1952 t o  t h e  

u n d e r s t a n d i n s  of t h e  r o l e  of gas h y d r n t e s  i n  t h e  solar system. To do t h i s ,  

he s t u d i e d  t h e i r  d i s s o c i a t i o n  p r e s s u r e s  from 0’ t o  - 12OC 

c o g C i t i m s ,  wFich provided  hirn with a ve ry  s o l i d  exper imenta l  b a s i s  for an 
extraDol?. t ion toward lower tem?eratures .  H i s  r e s u l t s  a l low t h e  conclus ion  as 
t h a t  of Delsemme and Swings e x t r a p o l a t i o n ,  based upon t h e  on ly  d a t a  ava i l -  
able i n  1952, t h a t  i s  t o  sag, the  d i s s o c i a t i o n  p r e s s u r e s  e s t a b l i s h e d  above 

t h e  zero  deqree C f a i  ths agzten wa te r  - gzs h,yCl,rtltei led them t o  v a l u e s  

t e n  t imes  t o o  low a t  - 2OoC, hundred times t o o  low at - 5OoC and thousand 
t i m e s  a t  - 80oc .  

The e s s e n t i a l  of t h e i r  explana t ion  remzins,  however, e n t i r e l y  v a l i d ,  t h e  

ncthane vapor t e n s i o n s  d ix in ish inK n o n t h e l e s s  by a f a c t o r  of lom3 t o  loo6 
( i n s t e a d  of t o  when i t  is conf ined  i n  a hydrate .  

i n  l a b o r a t o r y  

t h e  d i f f e r e n c e  i n c r e a s i n g  f u r t h e r  toward low temperatures .  



Another important  c o n t r i b u t i o n  by M i l l e r  concerning the  coc;ets 

r e s i d e s  i n  h i s  remark, t h a t  mixed hydra t e s  w i l l  be forming even tua l ly  i n  
p l ace  of a n i x t u r e  of pure hydra tes ,  f o r  t h e  l a t t e r  are  not  s t a b l e  i n  t h e  

presence of one anotlier. (Refer  t o  Note 2 ) .  F i n a l l y ,  K i l l e r  i n s i s t e d  wi th  

good r eason  on t h e  argument, i n p l i e d  e a r l i e r ,  t h a t  hydra t e s  w i l l  form neces- 

s a r i l y  because thermodynamics a r e  f avorab le  and rates or̂  formation are s u f -  

f i c i e n t l y  r ap id .  

T h i s  l as t  a s s e r t i o n  by Mi l l e r  is, however, v a l i d  only  i n  t he  hypothe- 

sis, whereby t h e  presence of t h e  H20 molecule i n  t h e  nuc leus  is not  s u b j e c t  

t o  doubt. Whipple had a l r e a d y  suggested i n  1950, t h a t  c e r t a i n  r a d i c a l s  could  

permanently e x i s t  i n  cometary n u c l e i  a t  very low temperatures .  Developing 
t h i s  i d e a ,  Haser (1955) proDosed t o  cons ide r  t h a t  t h e  r a d i c a l  OH i t s e l f  

could be s u b s t i t u t e d  t o  H20 i n  the  midst  of t h e  cometary nuc leus  

sou rce  of OH observed i n  t h e  coma. The argument is t h a t  t h e  spectrum of  OH 
i s  observed a t  a too  great d i s t ance  from t h e  Sun f o r  i ts mother-molecule 

t o  be H20, w a t e r ' s  vapor t e n s i o n  be ing  t o o  weak. Though t h i s  idea w a s  never  

v e r i f i e d  numer ica l ly ,  i t  w a s  rev ived  s e v e r a l  t imes  i n  l i t e r a tu re ,  namely 

by Swinps an6 Heser (1955) and Swings (1956).  It desse rves  a q u a n t i t a t i v e  

examinat ion,  f o r  i t  could become a c r u c i a l  argument f o r  t h e  d i s t i n c t i o n  

between two p o s s i b l e  o r i g i n  of comets, t h e  p r e s e r v z t i o n  of t h e  radical  OH 

b e i n g  a b l e  t o  p o i n t  t o  a very low-temperature o r i g i n ,  whereas i t s  absence 

woul? not permit  t o  r e j e c t  a l e s s  co ld  o r i g i n .  

as t h e  

A q u a n t i t a t i v e  d i scuss ion  i s  b e s e t  w i t h  s e v e r a l  d i f f i c u l t i e s ,  of 
which t h e  p r i n c i p a l  is r e l a t i v e  t o  cometary nuc leus '  dimensions,  as i ts  
r a d i u s  p l ays  a c r i t i c a l  r o l e  i r ?  t h e  c a l c u l a t i o n s .  

The c u r r e n t  l i t e r a t u r e  (See Kote 3)  l e a d s  us t o  accep t  he re  a 1 O k m  

r a d i u s  as t h e  most probable  va lue  f o r  a comet of t h e  Ha l l ey  type. According 

t o  t h e  Vorontsov-Velyminov r e s u l t s  ( 1 9 6 0 ) ~  recomputed on t h e  basis of such 
a r a d i u s ,  t h e  d e n s i t y  of CN near  t h e  s u r f a c e  of t h e  iiiicleua is io t b f s  case 

8 lo8 and t h a t  of C2 4 010 molecules cmo3. 

R e s u l t s  ob tp ined  wi th  weaker comets are  not  c o n t r a d i c t o r y  ( s e e  Note 41. 

(1931) ,  t h e s e  va lues  p o i n t  t o  C2 o r  CN p roduc t ions  of t he  o rde r  of 1014 mo- 
l e c u l e  cm-2 see-'. 

8 

' . T - - n r  -.-*An IlaLsI \A,",, k q J c  **-I r a l * r r l l t . P q  "...-"------ 3 .1O9molecule em-3 f o r  bo th ,  C p  - and CN. 

Combined a t  speeds  of 0.5 -1 km/sec e s t a b l i s h e d  by Bobrovnikoff 



Dis tance  i n  -Prociuction of H20 Product ion  of 

nstronom. U. mol cm-2 sec-1 OH cm'2 sec -1  

nea r  1 a.u. 

3.9 . 0 3.7 
17 - 2.2 1.9 10 

18 0.6 3.7 ' 1 0  

1.1 9.6 . 1 0 ~ 7  1.015 
- 

I 

1014 molecule ca" sec-'. I f  we take i n t o  account t h c t  t h e  f o r c e  of t h e  

o s c i l l a t o r  of  OH i s  t h i r t y  t imes wezker than  t h a t  of CN o r  C2, f o r  t h e  

t r a n s i t i o n s  o5served ( s e e  Mote 51, t h e  r t l t i o  of t h e  observed i n t e x i t i e s  

l e a d  t o  p roduc t ions  o f  OH comprised between l@14 and 10l5 molecule 

CO+ product ion  i n  t k e  t a i l  and  found lo2' molecule cm-2 sec-l. 
should  o r i g i n a t e  f r o n  EL mother-molzcule of t h e  nuc leus ,  i n  vapor iaed  s ta te ,  

t h i s  w l u e  would correspond t o  a minimum product ion  of 10l5 mol ~ r n ' ~ s e c - l  

a t  t h e  s u r f a c e  of a nuc leus  of 10 kn rp,dius. Grudeinska (1960) cross-checked 

t h i s  obse rvn t ion ,  f i n d i n F  t h a t  CO+ i s  t h i r t y  times more abund'ant t han  CN 

p e r  u:?it o f  volumc. One can not  t h u s  reasonably  admi t  1015 mol cm-2 sec'' 
2 s  t b e  mean Frobable v d u e  of OH product ion.  

sec'l.  

On the  o t h e r  hand, lJurm (1963) contputed t h e  r a t e  of t h e  observed 

I f  CO+ 

Zlsewkere,  t i le rclte o f  H 0 evapora t ion  can be computed acd i t  i s  2 
p r s c t i c n l l y  t h e  sane ,  s t a r t i n t  from water  o r  gns hydra t e  i c e s  ( s e e  Rote 6 ) .  
A.pTlyin,: t h e  t3eory  of conet;rry nuc leus '  v a p o r i z a t i o n ,  as e s t a b l i s h e d  by 

> e ? s e m e  (1965) , w e  f i n d  t h e  r e s u l t s  of Table  1, which a r e  compared w i t h  

t h e  r e s u l t s  of Observat ions mentioned above. 

T A B L E  1 

T 5 i s  Tzb le  c l e a r l y  shows t h e t  t h e r e  is no i n c o m p e t i b i l i t y  of any 

~ c r t  h e f . - ~ n  the 

t h e  r e su l t+T  of obse rva t ions  r e l a t i v e  t o  t h e  p roduc t ion  of r a d i c a l s  OH., 
Thc o r d e r s  of magnitude are v e r i f i e d  and t h e  r a t e s  observed,  provided 

ti:ey are t r u l y  s i g n i f i c a t i v e ,  correspond t o  a d i s s o c i a t i o n  of  loo3 molecules  

product ions  of water  vapor of a cometary nuc leus  and 



of  water computed for  1.1 a.u., which does  n o t  apnear  t o  be unreasonable .  

F i n a l l y ,  s i n c e  t h e  p roduc t ion  of H20 i s  f i v e  times lower a t  a d i s t a n c e  of 

2.2 a.u. 2nd s i n c e  t h e  i n t e n s i t y  of t h e  solar u l t r z v i o l e t  is there a l so  
4 times weaker than  a t  about  1.1 a.u., t h e i r  p roduc t ion  a t  about  2.2 a.u. 

must be of t h e  o r d e r  of 20 times lower t h a n  a t  1.1 a.u., t h a t  is, of t h e  pho- 

tochemica l  d i s s o c i a t i o n  of H20 is indeed  t k e  source  of r a d i c a l s  OH, and i t  
becomes t h u s  p o s s i b l e  t o  e x p l a i n  t h e  r e a s o n  why t h e  OH bands appear only 
between 1.5 and 2.0 a.u. 

There€ore ,  t h e  preceding  e v a l u a t i o n  shows t h a t  s i n c e  t h e  water vapor  

p roduc t ion  does have a s a t i s f a c t o r y  o r d e r  of magnitude, t h e  Delsemme and 

Swings p r o p o s a l  of 1952 now rests upon a more s o l i d  q u a z t i t a t i v e  argument 

What is t o o  weak is no t  r e a l l y  the  water vapor  p r e s s u r e ,  b u t  t h e  p r e s s u r e s  

of C H 4  and KT 
o b s e r v a t i o n s ;  t o  e x p l a i n  t h e  l a t t e r  i t  is necessa ry  t h a t  CH4 and NH 
f ixed  i n  s t e d i e r  molecules ,  than i n  molecules  of  hydra t e s .  A t  any ra te ,  

vapors  which a r e  much t o o  g r e a t  t o  be compat ib le  w i t h  the  
3 

be  3 

t h e  presence  of water i rnp l ics  n e c e s s a r i l y  t h e  e x i s t e n c e  of t h e s e  hydra tes .  

Elsewhere,  and s i n c e  t h e  p re sence  of wa te r  vepor  seems t o  e x p l a i n  

O u a n t i t e t i v e l y  t h e  o b s e r v a t i o n s  of  tLe  r s d i c a l  OH, t h e r e  is no p d n t  t o  
invoke tite h v ~ o t : . e ~ i s  t"lt OH i t s e l f  might e x i s t  i n  condensed s t a t e  i n  

t h e  cometi,ry n u c l e w ,  h v 7 0 t h e s i 6 ,  which i n c i d e n t l y ,  does no t  l e n d  i t & e l f  

t o  v e r i f i c s t i o n  a n d  is "ad hoc", s o  l o n g  a s  one i s  n o t  aware of t h e  l a t e n t  

h e e t ,  end t h u e  of t h e  evapora t ion  ra teR of t h e  condensed r a d i c a l  OH. 
The r e s u l t  o f  t h e  c a l c u l a t i o n  must t h u s  be r e t a i n e d  as t h e  proof 

of  t h e  e x i s t e n c e  o f  i c e s  o r  snows of  wa te r  o r  of h y d r a t e s ,  v a p o r i z i n g  t h e  

wa te r  vapor  on nuc leus '  s u r f a c e  i n  s u l f i c i e n t  q u a n t i t y  t o  j u s t i f y  t h e  

o b e r v e d  product ions  of  OH. Observa t ions  of r a d i c a l s  CH and NH allow i n  

t h e i r  t u r n  t o  conclude of t h e  presence of h y d r a t e s  t h a t  s t a b i l i z e  t h e i r  
mother-molecules CHq and NH 

3'  

- ADDENDUN. -___ - 
of f i v e  n o t e s ,  r e f e r r e d  t o  i n  the b r e c e d l n r  t e x t . J .  

C F o l l o r i n r  a r e  the v a r i o u s  a d d i t i o n a l  comrnents i n  t h e  form 
1 _ _  - 



6 .  
N O T E S  

1. - I n  f a c t ,  s i n c e ,  as was shorn e l sewhere  by t h e  p r e s e n t  eu t i lo r  

(Delsemme,A. H. - 1965 1, t h e  t empera ture  v a r i e s  a t  a slower pace 

wi th  t h e  law i n  r-' , t he  s i t u a t i o n  i s  s t i l l  more un favorab le .  

2.- The e x i s t e n c e  o f  mixed hydre t e s  a p p a r e n t l y  render6  t h e  problem of 

3 .- 

4.- 

d i F e o c i e t i o n  t e n s i o n s  s t i l l  more co!:iplex, f o r  s i n c e  t h e y  combine 

i n  ncy p r o p o r t i o n s ,  i n  o rde r  t o  r e p r e s e n t  t h e i r  behav io r  t h e  e n t i r e  

ne tvo rk  of cu rves  depending on t h e i r  r e l a t i v e  t e n o r  i n  CH NH e tc .  
w i l l  now be r e q u i r e d  i n s t e a d  of t h e  unique curve of t h e  d i s s o c i a t i o n  

p r e s s u r e  f o r  a pure hydra te  as a f u n c t i o n  of  tempera ture .  

4' 3 

I n  p r a c t i c e ,  however, i t  ha6 no t  been proved as y e t  t h a t  

mixed hydra t e s  p l a y  an impor tan t  r o l e  i n  t h e  cometary nuc leus  ( s e e  

about  t i i i s  s u b j e c t  , Delsemae 1965) .  

It is  a p p r o p r i a t e  t o  r e c a l l  some c h s r a c t e r i s t i c  r e s u l t s  a l lowing  

t o  h a v e a g l i m p s e  of our  knowledye on t h e  e u b j e c t .  Wurm (1943)  

and Vorontsov-Velyaminov (1946 ) have d e r i v e d  p h o t o m e t r i c a l l y  t h a t  

t h e  H a l l e y  Comet has  a r z d i u s  of  2 0  km. L i l l e r  (1960)  has  c e l c u l a -  

t e d  t h e  d u s t  l o s s e s  by p e r i h e l i o n  passages  on two comets of t h e  

H a l l e y  comet c lass .  %!hinnle (1963) has  d e r i v e d  the re f rom t h e  mini- 

mum maFPes correFDondinq t o  a r a d i u s  from 3 t o  1 4  km. It is  however 

necessa rv  t o  r e c a l l  two eva lua t ionF  by Balde t  f o r  two srnallar comets 

r e l a t i v e  t o  t v o  colretery p a s ~ a g e s  c l o s e  t o  m e  a n o t h e r  (0.039 and 

0.056 a.u.1, where b a s i n c  h imeel f  upon ti;e a b s o l u t e  magnitude of 

t h e  nuc leus  seen  a t  g r e e t  magn i f i ca t ion  by means of t h e  Meudon 

t e l e s c o p e ,  he concluded of r a d i i  l e s s  t h a n  200 meters  i n  both  cases .  

F i n a l l y ,  t h e  c o r p i l a t i o n  of some t h i r t y  p o s s i b l e  v a l u e s  of r a d i i  

o f  cometary n u c l e i ,  prePented i n  t h e  paper  by M i s s  Roemer on t h e  

occas ion  of  t h e  c u r r e n t  col loquium, is p a r t i c u l a r l y  s i g n i f i c a t i v e .  

I n  p a r t i c u l a r ,  when Houziaux (1960) found 70 molecule6 of C2 per 
cm3 a t  50 OOOkm from the nuc leus ,  t h e  l a w  in r - 
2 l o 7  f o r  a r a d i u s  of 10 km. Zven i f  the a t t e n u a t i o n  doeti not o h 7  

t h e  law i n  r , t h e  obse rva t ions  are i n  no way incompat ib le  wi th  

would g i v e  
n 
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7. 

d e n s i t i e s  o€ same o r d e r  around a nuc leus ,  o f  which t h e  r a d i u s  may be 

l e s s  t h a n  lkm.  

2 2 5.- For t h e  t r s n s i t i o n s  ( A  Z .I) X JI ) of OF-, t h e  o s c i l l e t o r  fo rce  is o f  
Z 

8 . 10'4whereas for the t r a n s i t i o n  ( A " n  - X 3 n  
2 . 4  loo2. 

of C2 i t  is e q u a l  t o  

It shou ld  be noted  he re  t h e t  the  r a t e  of e v a p o r a t i o n  of H20 
l i t t l e  on i t s  o r i g i n ,  whether t h i s  be water  i c e  o r  t h a t  of gas h y d r a t e .  

Indeed ,  i f  t h e  e x i s t e n c e  of hydre t e s  r e p l a c e s  t h e  vapor  t e n s i o n e  of such  

g a s e s  86 

a r e  cons ide rab ly  l o a e r  ( f a c t o r  of  

this e x i s t e n c e  of h y d r a t e s ,  on t h e  c o n t r a r y ,  does no t  a p p r e c i a b l y  modify 

t h e  wa te r  vapor  t e n s i o n  o r  t h a t  of water  i c e .  Indeed ,  t h e  p roduc t s  of 
h y d r a t e  d i s s o c i a t i o n  a r e  methane (gas) and a s o l i d  c r y s t a l l i n e  network 

of i c e  ( w a t e r )  with empty g a m .  This  i c e  ( o r  snow) of water  e v i d e n t l y  

has  a c r - r s t a l l i z a t i o n  system s l i a h t l y  d i f f e r e n t ,  which i m p a r t s  t o  it a 
d i f f e r e n t  w t e r  vapor  p r e s s u r e ,  however, h a r d l y  d i f f e r e n t  from t h e  o r d i n a r y  

i c e  . 

depends 

CH4 by d i s s o c i a t i o n  t e n s i o n s  of  t h e  corre:pondent hydra t e  which 

at 1 0 0 ° K  f o r  CH4, f o r  example) ,  
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